The back bombardment (BB) effect limits wide usage of thermionic rf guns. The BB effect induces not only ramping-up of a cathode's temperature and beam current, but also degradation of cavity voltage and beam energy during a macropulse. This paper presents a comparison of the BB effect for the case of dispenser tungsten-base (DC) and lanthanum hexaboride (LaB 6 ) thermionic rf gun cathodes. For each, particle simulation codes are used to simulate the BB effect and electron beam dynamics in a thermionic rf gun cathode. A semiempirical equation is also used to investigate the stopping range and deposited heat power of BB electrons in the cathode material. A numerical simulation method is used to calculate the change of the cathode temperature and current density during a single macropulse. This is done by solving two differential equations for the rf gun cavity equivalent circuit and one-dimensional thermal diffusion equation. High electron emission and small beam size are required for generation of a high-brightness electron beam, and so in this work the emission properties of the cathode are taken into account. Simulations of the BB effect show that, for a pulse of 6 s duration, the DC cathode experiences a large change in the temperature compared with LaB 6 , and a change in current density 6 times higher. Validation of the simulation results is performed using experimental data for beam current beyond the gun exit. The experimental data is well reproduced using the simulation method.
I. INTRODUCTION
Over the past few decades, the development of linear electron accelerator (linac) technology has been guided by increasing requirements on the quality of the electron beam. A bright electron beam with small emittance is indispensable for carrying out scientific investigations and solving numerous applied problems. An rf electron gun has features of compactness, inexpensive and easy handling compared with electrostatic guns. The high electric field in the rf gun cavity can be used to accelerate emitted electrons quickly to the state of v % c (light velocity) [1] . Unlike the photocathode rf gun, the thermionic rf gun does not require unique and expensive laser devices. Generally speaking, rf gun apparatus are considered one of the highest quality sources for supplying electron beams with a desired beam energy and current [2] . An rf gun using thermionic and photocathodes was used for the first time at Stanford University [3] and Los Alamos National Laboratory [4] , respectively. The thermionic rf gun has been chosen as electron injector for Kyoto University Free Electron Laser facility (KU-FEL) [5] due to the high quality of its electron beam. On the other hand, the thermionic rf gun has its own characteristic problem, which is the change of cathode temperature and current density during a macropulse. Since electrons are accelerated in only one half of an rf cycle, electrons emitted during the other half cycle are unable to escape the gun before the electric field changes direction. These electrons are referred as back-streaming electrons. These electrons hit the cathode surface, causing an increase in cathode temperature and the ramping-up of emission current density during the macropulse. As a result, the beam quality and FEL stability are seriously affected. Many scientific publications deal with reducing back bombardment (BB) effects in thermionic rf guns. Most of these papers consider modifications of the gun design or the cavity field [5] [6] [7] [8] [9] [10] [11] , however only a few papers have focused on the role of the cathode material itself.
The KU-FEL thermionic rf gun consists of a 4.5-cell cavity driven by a 10 MW rf source, providing electron beams of energy up to 10 MeV with a total gun length of 30 cm [5] . A thermionic cathode is set on a flat surface at the center of a cylindrically symmetric half cell in the gun cavity. The cathode of the KU-FEL rf gun has been improved since 2007, where the BB effect made it difficult to produce high beam currents and energies for macropulses longer than 1 s. We have successfully produced higher beam currents over longer macropulses by substituting the dispenser (DC) tungsten-base cathode (W-BaO=CaO=Al 2 O 3 ) with a single crystal of LaB 6 . The performance of the KU-FEL rf gun has thus been dramatically improved, however BB in the cathode still affects the macropulse duration below 6 s [12] .
Simulation is the best way to study the BB effect in a thermionic rf gun. To clarify the BB phenomenon for future improvement, in the present paper we compare BB effects between the DC and LaB 6 cathodes by investigating heating properties of the cathode materials. In the first section, the materials used in the simulation are introduced. The second section is devoted to the numerical calculation for thermionic emission, transverse emittance, stopping range, and deposited heat power for DC and LaB 6 cathodes. The change of the cathode temperature and current density are then determined. Simulation results and their comparison with experimental data for the LaB 6 cathode are presented in the third section. The fourth section presents an overall discussion of the simulation and demonstration results, and the final section presents our conclusions.
II. CATHODE MATERIALS
We are interested in the choice of appropriate cathode material for reducing the effect of BB. Towards this end, it is important to clarify the factors causing variation of cathode temperature and current density. The temperature variation caused by BB electrons during the macropulse is determined by the penetration depth of electrons into the cathode material and, consequently, by the energy spectrum of electrons [13] . It is reported that, for an rf gun cathode with typical beam characteristics, the minimum emission parameters required for cathode at field strength of 30-50 MV m À1 and pulse length up to 10 s are [13] : (i) high current density (more than 20 A cm À2 ), which allows for the design of small cathode sizes (diameter of 1.5-2 mm) and the potential for obtaining a low emittance electron beam; (ii) high resistance of the cathode to sputtering; and (iii) small sublimation rate of emitting substrate (not more than 10 À6 kg m À2 s À1 ). Because of their inherent ability to emit current of high density, DC (impregnated) has been used as an electron emitter long before the usage of hexaborides. The impregnation is important because it is considered to be the source of barium needed to obtain a low work function surface. DCs are commonly impregnated by placing the oxidized barium calcium aluminate impregnates in contact with the emitting surface of a porous W (tungsten) structure and then heating the assembly past the melting point of the impregnate material to about 1923 K. Reliable electron current over a long period of time is a function of the equilibrium established between the rate of arrival of barium at the emitting surface and the rate of evaporation of barium from the emitting surface [14] . DC was used as an electron emitter for many facilities over the world. In KU-FEL, a DC was used as cathode material until its substitution with a single crystal of LaB 6 in 2007.
Alkaline-earth metals, rare earth metals, and thorium form of borides of the type MB 6 , all have the same cubic crystal structure. The small boron atoms form a threedimensional framework structure which surrounds the large metal atom. The properties of MB 6 compounds suggest they may be an excellent choice of cathode material. These include low work function, low volatility, low electrical resistivity, high mechanical strength, and high chemical resistance. The borides are characterized by high melting temperatures, and most of them have high thermal conductivity. Further characteristics are a fair corrosion resistance, chemical inertness, good wear resistance, and a thermal shock resistance much better than that of oxide ceramics [15] . The most promising hexaborides to be used as electron emitters are LaB 6 and CeB 6 which have been intensively studied since Lafferty in the 1950s. LaB 6 has been selected to replace DC as thermionic cathode in many FEL facilities across the entire world. Table I lists the most essential physical and chemical properties for materials under investigation. Because of the difficulty of determining some DC parameters like atomic and molecular weights, thermal conductivity, and specific heat, the corresponding parameters of pure tungsten are assumed. Density, melting temperature, work function, and Richardson's constant for DC and LaB 6 are picked from Refs. [14, 15] .
III. NUMERICAL CALCULATIONS
Here we present the model for studying the effect of BB electrons on DC and LaB 6 cathodes. The modeling sequence begins by determining the emission properties of the materials. The stopping range and deposited heat power of BB electrons are then determined. Finally, a numerical simulation model is developed to calculate the change in cathode temperature and current density during a macropulse.
A. Thermionic emission
The most important parameter controlling electron emission in a thermionic cathode is the surface work function, which is related to the current density J c (A cm À2 ) through the Richardson equation:
where
is the cathode temperature, and (eV) is the material work function (a material dependent property). A larger value for the work function implies the requirement of higher temperature and thus more cathode heater power for achieving the desired current density. When BB electrons hit a cathode during a macropulse, the cathode temperature and consequently J c increase. It is well known that the electron beam current exiting the gun is dependent on J c . Thus, it is important to assign some criterion on current density for the present calculation. Let us consider the minimum required current density to be 20 A cm À2 (J min ).
B. Transverse emittance
The transverse emittance " rms ( mm mrad) of an electron beam on the cathode as a function of its temperature and radius can be defined as [16] 
where r c (mm) is a cathode radius, m e (kg) the electron mass, and c (ms À1 ) is the speed of light. It is well known that in practice, thermionic rf guns do not achieve emittances as small as the ideal theoretical emittance. Even so, a smaller emittance of several mm mrad is recommended for FEL operation. In order to achieve this, the cathode diameter must be of order a few mm for temperatures in the range 1000-2500 K.
C. Stopping range and deposited heat power
Electrons penetrating a material lose their energy through interaction with atoms in that material. Most of the electrons' kinetic energy is converted to thermal energy. This thermal energy is deposited inside the material layers, causing the material to heat up. The range of electrons inside a material is useful for evaluating the effects associated with deep penetration of electrons, such as BB ones. The extrapolated range or ''stopping range'' (R) is usually defined as the thickness of material at which the extension of the linearly decreasing region of the transmission curve becomes zero. At low energies, R is frequently determined from linear extrapolation of the energy distribution measured for a given thickness of the absorber. For absorbers of high atomic number, the transmission curve often does not show the linear region, and the extrapolation is then made using the tangent to the steepest point of the curve [17] .
For electrons with energy from 0.3 keV-30 MeV in an absorber with atomic number 6-92, R can be expressed by a single semiempirical equation (TIO) of the form [17] 
where (kg m À3 ) is the absorber (cathode material) density, is the incident kinetic energy in the rest frame of electron, and the parameters a i (i ¼ 1; 2; . . . ; 5) are given by a simple function of atomic number Z, and atomic weight A. In the case of a mixture or compound Z and A are replaced by the effective values of atomic number (Z eff ) and effective atomic weight (A eff ) as shown below:
where f i is the fraction by weight of the constituent element with Z i and A i . The effective atomic number and the effective atomic weight for the LaB 6 are listed in Table I . For DC we use the same values of pure tungsten as listed.
The deposited heat of electrons inside the absorber is considered the main source of heating during a macropulse. This can be defined as the loss of electron energy ÁE (eV) in a material of infinitesimally small thickness ÁR (m), written ÁE=ÁR, [17] .
D. Change of cathode temperature and current density
The electron beam extracted from a thermionic rf gun consists of macropulse and micropulse structures. The micropulse structure is defined as the electron beam evolution over one rf period. This varies continuously and periodically as rf power is fed to a thermionic rf gun. Usually the macropulse duration is less than 10 s and its repetition rate is less than 100 Hz for infrared radiation sources generated by FEL. The BB electrons have the same pulse structure as the extracted beam, thus the heat input from BB electrons also has micropulse and macropulse structure. During a macropulse, the cathode temperature rapidly increases, and after the macropulse the cathode temperature gradually decreases. As a result, the temperature increase and decrease occur periodically. This causes an increase in the average cathode temperature until a balance in the cathode heating and cooling power (radiative and conductive) is reached. The average temperature increase is not a serious problem, and is easily controlled by adjusting the cathode heater [18] . On the other hand, the temperature rise during a macropulse cannot be compensated using this method.
In order to calculate the temperature increase accurately, it is necessary to consider the distribution of electron BB and the heat distribution at the cathode surface. We use a previously developed numerical simulation model [19] , to determine the ramping of cathode surface temperature and current density during the macropulse. The model simultaneously solves two differential equations. The first one is the differential equation of the rf gun cavity equivalent circuit [Eq. (5)], which corresponds to the circuit shown in Fig. 1 [20] . The differential equation for the rf gun equivalent circuit is given as
where f 0 (Hz) denotes the resonant frequency of the rf resonant cavity, Q 0 the unloaded quality factor, R=Q () the R=Q factor of the cavity, and the coupling coefficient of the input waveguide to the cavity. The source current I g is described as I g ¼ ð8G ex P in Þ 1=2 , P in is the input rf power, and G ex is the external conductance. L c , C c , and G c are cavity inductance, capacitance, and conductance, respectively, with the values and details of these constants given in Ref. [19] . The beam admittance Y b is defined as Y b ¼ I b =V c , where I b denotes the beam loading current and V c (MV m À1 ) is the cavity field. The latter is kept constant during experiment by modifying the input rf power pulse shape during the macropulse [11] . The beam admittance is divided into real and imaginary parts, which are called the beam conductance G b and beam susceptance B b , respectively. The conductance and susceptance depend on energy consumed by an electron beam during the riding rf phase; however, this changes during a macropulse due to the changes in current density and, hence, the beam loading. In our calculations the beam conductance and beam susceptance are determined in advance by using KUBLAI code [21] , which enables determination of the beam loading.
The second equation used in the numerical simulation model is the one-dimensional thermal diffusion equation for the thermionic cathode, which includes a heat input from BB electrons [Eq. where C (J kg À1 K À1 ) denotes the specific heat capacity, (Wm À1 K À1 ) the thermal conductivity, z (m) the depth of cathode from the surface, V (m 3 ) is the cathode volume, and Q b the heat input due to BB electrons. In the numerical model a flat rf pulse is used to show the effect of the current density increase. A simple explanation for the used model is presented as follows.
The cathode of thickness 2 mm is divided into 20 000 thin disks. At the initial state before starting the BB effect, the heat input from the cathode heater and radiative heat loss on the cathode surface are balanced with each other. Thus, heat fluxes in each disk are the same and given by the radiative loss on the cathode surface. The heat flux for the first disk is prepared in advance by using particle simulation code, PARMELA 3.38 [22] . BB electrons lose their energy by penetrating the cathode disks; the lost energy depends on electron energy and the penetration depth. Therefore, every disk receives different energy and heats up with a different amount. The heat transfer between the disks is then determined by the difference method. Finally, the change in the disk temperature and corresponding change in the current density is calculated. Initial cathode temperatures supplied to the simulation model are 1476 K and 1981 K of DC and LaB 6 , respectively corresponding to J min . It is impossible to solve Eq. (6) analytically, since the heat input Q b is time dependent. For this reason the equation is solved using an iterative method. To investigate the change in the cathode temperature and current density an 8 MW during 6 s macropulse rf pulse duration is used in the simulation model.
IV. RESULTS OF THE SIMULATION, COMPARISON WITH EXPERIMENT
We assume here that the simulated cathodes have the same conditions of vacuum level, heating method, applied electric field in the rf cavity, diameter, and area. Section IVA sheds light on some basic physical features of the BB process through simulating the motion of electrons in KU-FEL thermionic rf gun. Sections IV B and IV C compare the cathodes from a beam emission point of view. Section IV D shows the results of the stopping range and deposited heat power in DC and LaB 6 . Section IV E shows a determination of the change of cathode temperatures and the equivalent change in the current densities. Simulation results are compared to experimental data in section IV F.
A. Picture for BB in thermionic rf gun
In order to evaluate the effect of BB electrons on the time evolution of cathode temperature, the BB energy distribution and deposited heat are calculated. Results are shown in Fig. 2 . Figure 2 (a) shows the BB electron energy distribution as a function of the cathode area. Figure 2(b) shows the BB energy spectrum as a function of electron kinetic energy at [20] . different values of the cavity field. Figures 2(a) and 2(b) are both derived using the PARMELA code. Meanwhile, Fig. 2(c) shows the total BB power as a function of current density at different values of cavity field, as derived using the KUBLAI code.
It can be seen from Fig. 2(a) that BB has almost uniformed distribution as a function of the cathode area. Hence, there would be no significant effect of BB distribution neither in the cathode temperature nor in the beam emittance. Meanwhile, Fig. 2(b) indicates that BB electrons hitting a cathode surface have an energy distribution that depends on the cavity field and current density on the cathode surface (i.e. the cathode temperature). The total power of BB electrons also depends on the cavity field and cathode current density as shown in Fig. 2(c) . In general, from the above picture it can be understood that the total power of BB electrons increases when a thermionic rf gun is operated under conditions of high current density or cavity field.
B. Thermionic emission
The ideal behavior for thermionic emission from DC and LaB 6 is calculated using Eq. (1) and shown in Fig. 3 . It can be seen from Fig. 3 that both DC and LaB 6 could emit J min before reaching their respective melting temperatures. Because of the small value of the work function for DC (1.56 eV) compared to LaB 6 (2.66 eV), the current density emitted from DC can satisfy J min at a lower temperature of 1476 K (compare to 1981 K for LaB 6 ).
C. Transverse emittance
The transverse emittance for DC and LaB 6 is calculated using Eq. (2) and the results are listed in Table III . We consider cathodes to have radius r c ¼ 1 mm. The temperatures used to calculate the transverse emittance are 1476 and 1981 K for DC and LaB 6 , respectively, corresponding J min . In practice, it is difficult to achieve such low emittance using our rf gun; however, it gives an indication for the minimum requirements from the cathode temperature and radius for FEL operations. Successfully, we could achieve lasing with a LaB 6 cathode of 1 mm radius and the measured emittance in that time around 3 mm mrad [23] .
D. Stopping range and deposited heat
The stopping range and the deposited heat power for BB electrons having energy less than 1 MeV (chosen based on the simulation results in Sec. IVA) are determined by using the TIO equation, Eq. (3). In the case of both DC and LaB 6 , the results are depicted in Fig. 4 . The stopping range and heat deposited for the simulated materials are shown in Figs. 4(a) and 4(b) , respectively. Meanwhile, Fig. 4(c) shows the deposited energy at specific BB electron energies (100, 300, and 500 keV) for DC and LaB 6 . It is important to note that, for the case of DC, adjusting the effective atomic number and atomic weight to 80% of the pure tungsten values (as appropriate for its density) does not result in a significant difference to Fig. 4 .
E. Change of cathode temperature and current density
The ramping-up of cathode temperature and current density due to heat deposited from BB for DC and LaB 6 is determined using the numerical model mentioned previously. In Figs. 5(a) and 5(b) the changes in cathode temperature and current density during a pulse of 6 s duration with flat 8 MW rf field are depicted, respectively. The initial values of temperature and current density which supplied to the simulation model were 1476 and 1981 K (corresponding to J min ) for DC and LaB 6 , respectively. Initial parameters for the equivalent rf cavity circuit and cathodes properties are listed in Tables I and II . The experimental setup for measuring the beam current beyond the gun exit in the KU-FEL thermionic rf gun is shown in Fig. 6(a) . In the first half cell, a 1 mm radius LaB 6 cathode is mounted. A viewport is mounted on the half cell. Through the viewport, the cathode surface temperature can be measured by the use of an infrared (IR) thermometer, which is 0.2 m away from the cathode surface. A transverse magnetic field was applied around the cathode surface to reduce BB power.
During the experiment, the beam current was measured by a current transformer (CT1). Figure 6 (b) shows measured time evolutions of the beam current together with the pulsed input rf power for a macropulse of 6 s duration. In the normal experimental conditions in our rf gun, the input rf pulse for the gun is usually modified with small slope to keep the cavity voltage at constant value [11] . The modified input rf power with resonant frequency of 2855.975 MHz is used in the simulation model.
A numerical simulation was carried out to demonstrate the experimental results. All parameters used in the simulation are the same as those in the experiment. The initial cathode temperature is assumed to be 1650 C as for the experimental cathode, because for the measured cathode temperature has uncertainty. To compare the measured current with the calculated one, the current density determined from the simulation is multiplied over the cathode area. This is under the assumption that the extracted electron beam size at the cathode surface has the same area as the cathode itself. Simulation results of the beam current are depicted in Fig. 6(b) .
As shown in Fig. 6(b) , the experimental results are well reproduced by simulation. The vertical shift between the experimental and simulation results can be explained as arising from two factors. The first one is the loss of the electron beam in the trajectory from the cathode surface up to CT1 which is far from the cathode surface (around 1 m). The second factor is the uncertainty in measuring cathode temperature using the IR detector due to the difficulty to determine the real temperature.
V. DISCUSSION
Research on high-brightness electron sources is now very important in order to widen the range of the radiation available for material science research and conduct new kinds of experiments, such as Compton scattering and electron beam collider, etc. From this point of view, a high-brightness electron source is required; this implies a high peak current (10-2000 A) and low transverse emittance (< 2 mm mrad).
It is clear from Fig. 3 that DC and LaB 6 cathode materials can satisfy the required J min before reaching their melting temperatures. At first glance, DC seems the preferred candidate material due to its low temperature compared with LaB 6 operating at the same current density. On the other hand, the change of current density during a 6 s macropulse is 6 times higher than LaB 6 as shown in Fig. 5(b) . The high change in the DC current density can introduce a very fast decrease in the electron beam energy. Moreover, from the experience of replacing the 6 mm DC cathode with 2 mm LaB 6 in KU-FEL, LaB 6 achieves a larger average beam current (120 mA compared to 70 mA for DC) at the same cavity field of 40 MV m À1 [24] . From the above arguments we suggest that a large change in current density for a thermionic cathode is not preferable in terms of BB effect.
It is well known that small transverse emittance is crucial for efficient FEL operation. From this point of view and the results shown in Table III , DC has priority as a cathode material compared with LaB 6 . The small emittance for DC is due to the small operation temperature for the cathode. However, the change in the DC temperature is higher than for LaB 6 as shown in Fig. 5(a) . From the above arguments, we can say that low operating temperature for a thermionic cathode is not preferable, in terms of changing the cathode temperatures. The calculated stopping range and deposited heat power for BB electrons indicates that DC has short stopping range and high heat deposition compared to LaB 6 as shown in Figs. 4(a) and 4(b), respectively. The short stopping range and the high deposited heat can be related to the high density for DC (15:44 g cm À3 ) compared to LaB 6 (4:72 g cm À3 ). This means, interaction of BB electrons with dense materials deposits much higher heat than for low density materials. It can be seen from Fig. 4(c) that the deposited energy, as an example, from 100 keV BB electrons is 10 keV m À1 for DC, about 5 times higher than for LaB 6 (2 keV m À1 ). Thus, from the point of view of stopping range and deposited heat power LaB 6 experiences only small effects due to BB electrons.
The numerical calculations for BB electrons in Figs. 5(a) and 5(b) show a $106 and $63 K increase of the cathode temperature for DC and LaB 6 respectively, with an $87 A cm À2 and $15 A cm À2 increase in the respective current densities during the 6 s pulse. The ''emission slope'' can be defined as a change of the current density per change in a cathode temperature ÁJ=ÁT (A cm À2 K À1 ) and is calculated to be 82% and 24% for DC and LaB 6 , respectively. This means the change in cathode temperature in DC is producing change of the current density much higher than for LaB 6 and this can be related to the material characterizations.
The increase of the rf cavity beam loading is a direct result of the current density increase during the macropulse, and thus the cavity voltage decrease. Therefore, the expected decrease of beam energy in DC is much higher than in the LaB 6 cathode under the same conditions. This can explain the improvement of the rf gun performance and extend of the macropulse up to 6 s with stable electron beam energy after the replacement of the cathode material.
From comparison of simulation with experimental data for the LaB 6 cathode beam current measured by CT1, the experimental data is well reproduced by simulation results as shown in Fig. 6(b) .
From simulation results and argument, we have thus clarified the BB phenomenon, showing clearly that the BB effect in the DC-based thermionic rf gun is much more serious than when using the LaB 6 cathode.
VI. CONCLUSION
We compared the BB effect for dispenser tungsten-base and lanthanum hexaboride cathodes to clarify the phenomenon and explain the improvement of KU-FEL thermionic rf gun performance after substitution of DC with LaB 6 . The first part of the analysis involved characterizing the electron beam emission properties. Stopping range and deposited heat power were then determined for BB electrons of various energies. The change of cathode temperatures and equivalent current densities were also determined numerically. Based upon the findings of this investigation, the BB effect for DC is much more detrimental than for the LaB 6 cathode, having a much more significant effect on the cathode temperature and current density. Verification of the simulation model was also performed, with simulation results reproducing experimental data very well. 
